Cadmium (Cd) is a reproductive toxicant that induces germ cell apoptosis in the testes. Previous studies have demonstrated that endoplasmic reticulum (ER) stress is involved in Cd-induced germ cell apoptosis. The aim of the present study was to investigate the effects of N-acetylcysteine (NAC), an antioxidant, on Cd-induced ER stress and germ cell apoptosis in the testes. Male CD-1 mice were intraperitoneally injected with CdCl 2 (2.0 mg kg 21 ). As expected, acute Cd exposure induced germ cell apoptosis in the testes, as determined by terminal dUTP nick-end labelling (TUNEL). However, the administration of NAC alleviated Cd-induced germ cell apoptosis in the testes. Further analysis showed that NAC attenuated the Cd-induced upregulation of testicular glucose-regulated protein 78 (GRP78), an important ER molecular chaperone. Moreover, NAC inhibited the Cd-induced phosphorylation of testicular eukaryotic translation initiation factor 2a (eIF2a), a downstream target of the double-stranded RNA-activated kinase-like ER kinase (PERK) pathway. In addition, NAC blocked the Cd-induced activation of testicular X binding protein (XBP)-1, indicating that NAC attenuates the Cd-induced ER stress and the unfolded protein response (UPR). Interestingly, NAC almost completely prevented the Cd-induced elevation of C/EBP homologous protein (CHOP) and phosphorylation of c-Jun N-terminal kinase (JNK), two components of the ER stress-mediated apoptotic pathway. In conclusion, NAC protects against Cd-induced germ cell apoptosis by inhibiting endoplasmic reticulum stress in the testes.
INTRODUCTION
In recent years, concerns about the adverse effects of various environmental contaminants on male reproduction have grown.
1 Cadmium (Cd) is a major environmental toxicant. The general population is exposed to Cd via drinking water, food and cigarette smoking. Cd is a reproductive toxicant in humans. Cd has been associated with male infertility and poor semen quality in humans. 2 According to several earlier epidemiological studies, there is a significant inverse correlation between blood Cd level and semen quality. 3, 4 Even a low level of Cd accumulation in semen might contribute to male infertility by reducing sperm quality. 5 In rodent studies, Cd has been shown to be a testicular toxicant. 6 Animal experiments have revealed that Cd induces germ cell apoptosis in the testes. 7, 8 However, the molecular mechanism of Cd-mediated testicular germ cell apoptosis remains unknown.
The endoplasmic reticulum (ER) is an important organelle required for many cellular processes. In the ER, nascent proteins are folded with the assistance of ER chaperones. In addition, the ER serves as a cellular Ca 21 store and plays an important role in homeostasis. The ER is sensitive to alterations in cellular homeostasis. When ER function is disturbed, ER stress occurs and unfolded protein response (UPR) signalling is activated to recover ER function. 9, 10 UPR signalling is mediated by three transmembrane ER proteins: inositol requiring ER-to-nucleus signal kinase (IRE)-1, activating transcription factor-6 and double-stranded RNA-activated kinase-like ER kinase (PERK). 11, 12 UPR signalling is involved in the process of apoptosis in somatic cells. 13, 14 Recently, we found that crosstalk between ER stress and mitochondrial pathways mediated Cd-induced germ cell apoptosis in the testes. 15 Excess reactive oxygen species (ROS) production and GSH depletion are associated with ER stress and UPR signalling activation. 16 Indeed, Cd induces the generation of ROS in multiple cell types. 17 In addition, Cd induces oxidative stress in the testes. 18, 19 The aim of the present study was to investigate whether N-acetylcysteine (NAC), an antioxidant, can attenuate Cd-induced ER stress and germ cell apoptosis in testes. We demonstrate, for the first time, that NAC protects against Cd-induced germ cell apoptosis by inhibiting endoplasmic reticulum stress in testes. 
MATERIALS AND METHODS

Chemicals and reagents
Animals and treatments
Adult male CD-1 mice (8 weeks old, 28-32 g) were purchased from Beijing Vital River, whose foundation colonies were established by Charles River Laboratories, Inc (Wilmington, MA, USA). The animals were allowed free access to food and water at all times and were maintained on a 12-h light/dark cycle in a controlled temperature (20 uC-25 uC) and humidity (50%65%) environment. To investigate the protective effects of NAC on Cd-induced testicular germ cell apoptosis, 48 mice were randomly divided into four groups. In the Cdalone group, all mice were intraperitoneally (i.p.) injected with CdCl 2 (2.0 mg kg 21 ). In the NAC1Cd group, mice were i.p. injected with NAC (100 mg kg 21 ) every 8 h beginning at 8 h before Cd injection (2.0 mg kg 21 , i.p.). In the NAC-alone group, mice were i.p. injected with NAC (100 mg kg 21 ) every 8 h. The control mice were administered the same volume of normal saline (NS). Preliminary experiments showed that apoptotic cells were observed in the testes of mice treated with 2.0 mg kg 21 Cd. In addition, the number of apoptotic cells per tubule was highest at 24 h after Cd injection. Thus, testes were collected 24 h after Cd injection. The doses of NAC used in our experiments were determined in previous studies. 20, 21 The testes were divided into two parts: half was kept at 280 uC for Western blotting and RT-PCR, and half was immersed in modified Davidson's fluid for 24 h for testicular histology and apoptosis analysis. All procedures on animals followed the guidelines for humane treatment set by the Association of Laboratory Animal Sciences and the Center for Laboratory Animal Sciences at Anhui Medical University.
Testicular histology and terminal dUTP nick-end labelling (TUNEL) Two cross-sections from each testis were embedded in paraffin, and paraffin-embedded tissues were serially sectioned. At least two nonserial sections were stained with haematoxylin and eosin for morphological analyses. For the detection of apoptosis, paraffin-embedded sections were subjected to TUNEL using an in situ apoptosis detection kit from Promega Corporation according to the manufacturer's protocols. To assess apoptosis in testicular cells, 200 different seminiferous tubules were observed in each section. A histogram of the number of TUNEL-positive germ cells per seminiferous tubule and the percentages of the number of seminiferous tubules containing TUNELpositive germ cells were analysed.
Immunoblotting
Immunoblotting was performed using testicular lysates. Briefly, protein extracts from each sample were added to a gel loading buffer (100 mmol l 21 Tris, pH 6.8, 20% glycerol, 200 mmol l 21 DTT, 4% SDS, 0.03% bromophenol blue) and boiled for 5 min. Proteins (50 mg per sample) in loading buffer were subjected to electrophoresis in 10%-15% SDS-polyacrylamide gel for 3 h. The gel was transferred by electrophoresis onto a polyvinylidene fluoride membrane from Millipore (Bedford, MA, USA) and blocked in 5% non-fat powdered milk in Dulbecco's PBS overnight at 4 uC. The membranes were incubated for 2 h with the following antibodies: HO-1, 3-NT, GRP78, peIF2a and p-JNK. b-actin was used as a loading control for total proteins. After washes in Dulbecco's PBS containing 0.05% Tween-20 four times for 10 min each, the membranes were incubated with goat anti-rabbit or goat anti-mouse IgG antibody for 2 h. The membranes were then washed four times in Dulbecco's PBS containing 0.05% Tween-20 for 10 min each, followed by signal development using an enhanced chemiluminescence detection kit from Pierce.
Isolation of total RNA and RT-PCR Fifty milligrams of testis tissue was collected from each mouse. Total cellular RNA was extracted using TRIzol reagent according to the manufacturer's instructions. RNase-free DNase was used to remove genomic DNA. The integrity and concentration of the RNA was determined by measuring absorbance at 260 nm followed by electrophoresis on agarose gels. For the synthesis of cDNA, 1.0 mg of total RNA from each sample was resuspended in a 20 ml final volume of reaction buffer, which contained 25 mmol l 21 TrisHCl, pH 8.3, 37.5 mmol l dNTP mixture, 1 U of Taq DNA polymerase, 1 mmol l 21 sense and antisense primers, and sterile water to 50 ml. The reaction mixture was covered with mineral oil. Primer pairs for PCR were designed based on known mRNA sequences (Genbank at PubMed) using the free online primer design software Primer 3 and BLAST. The following primers were synthesized by Shanghai Sangon Biological Engineering Technology and Service Company (Shanghai, China): Gapdh, 59-GAG GGG CCA TCC ACA GTC TTC-39 and 59-CAT CAC CAT CTT CCA GGA GCG-39; Grp78, 59-GCG TGT GTG TGA GAC CAG AAC CG-39 and 59-TGC GTC CGA TGA GGC GCT TG-39. For Gapdh, amplification was initiated by 3 min of denaturation at 94 uC for 1 cycle, followed by 30 cycles at 94 uC for 30 s, 56 uC for 30 s, and 72 uC for 1 min. For Grp78, amplification was initiated by 3 min of denaturation at 94 uC for 1 cycle, followed by 45 cycles at 94 uC for 30 s, 68 uC for 30 s and 72 uC for 1 min. The amplified PCR products were subjected to electrophoresis at 75 V through 1.5% agarose gels for 45 min. pBR322 DNA digested with Alu I was used as a molecular marker (MBI Fermentas). Agarose gels were stained with 0.5 mg ml 21 ethidium bromide (Sigma Chemical Co.) TBE buffer. For analysis of xbp-1 mRNA splicing, 2.5 ml of cDNA was amplified with specific primers described by others: 22 forward, 59-CCA TGG GAA GAT GTT CTG GG-39; reverse, 59-ACA AGC TTG GGA ATG GAC AC -39. PCR products were separated by electrophoresis on 2.5% agarose gels and visualized by ethidium bromide staining. The level of sXBP-1 mRNA was normalized to uXBP-1 mRNA level in the same samples. The level of sXBP-1 mRNA was set to 1 as a control.
Determination of glutathione (GSH) content GSH was determined by the Griffith method. Testicular homogenates (0.4 ml) were precipitated by the addition of 0.4 ml of a metaphosphoric acid solution. After 40 min, the protein precipitate was separated from the remaining solution by centrifugation at 4000g at 4 uC NAC protects against Cd-induced germ cell apoptosis YL Ji et al 291 for 5 min. Supernatant (400 ml) was combined with 0.4 ml of 300 mmol l 21 Na 2 HPO 4 , and the absorbance was read at 412 nm, a blank consisting of 0.4 ml supernatant plus 0.4 ml H 2 O was used for background correction. Then, 100 ml DTNB (0.02%, w/v; 20 mg DTNB in 100 ml of 1% sodium citrate) was added to the blank and sample. Absorbance of the sample was read at 412 nm, and a blank sample was used for background correction. The GSH content was determined using a calibration curve prepared with a standard. GSH values were expressed as nmol mg 21 protein.
Statistical analysis
Each band from RT-PCR and immunoblotting was scanned, and band intensity was analysed by Image J software (http://rsb.info.nih.gov/ij/). For RT-PCR, the level of Grp78 mRNA was normalized to Gapdh mRNA level in each sample. The level of Grp78 mRNA in the control was set as 1. For immunoblotting, the levels of GRP78, p-eIF2a, C/EBP homologous protein (CHOP), HO-1, 3NT and p-JNK were normalized to b-actin in each sample. The level of the control was set as 1. All quantified data are expressed as the means6s.e.m. ANOVA and the Student-Newmann-Keuls post hoc test were used to determine the differences among groups.
RESULTS
NAC alleviates Cd-induced testicular histopathological damage
Testicular oedema was observed 24 h after CdCl 2 was administered to mice. Consistent with testicular oedema, the absolute and relative testis weights were higher in Cd-treated mice than in control mice. Interestingly, NAC pretreatment almost completely inhibited Cdinduced testicular oedema. In addition, NAC clearly alleviated the Cd-induced elevation of the absolute testis weight (Figure 1a ) and the relative testis weight (Figure 1b) . The effects of NAC on Cdinduced testicular histopathological damage are presented in Figure 1c . As expected, a slight necrosis of seminiferous tubules and a moderate haemorrhage in the interstitium were observed in the testes of mice treated with CdCl 2 . Interestingly, NAC alleviated this Cd-induced histopathological damage in the testes.
NAC protects against Cd-induced germ cell apoptosis in the testes
The effects of NAC on Cd-induced germ cell apoptosis in the testes were analysed. As shown in Figure 2a , a single dose of Cd increased the number of apoptotic cells in the testes. Most TUNEL 1 cells were germ cells in the seminiferous tubules. Further analysis showed that a single dose of Cd markedly increased the percentage of tubules with TUNEL 1 cells in the testes (Figure 2b ). In addition, Cd increased the number of apoptotic cells per tubule (Figure 2c) . Interestingly, pre-treatment with NAC clearly reduced both the percentage of tubules with TUNEL 1 cells (Figure 2b ) and the number of TUNEL 1 cells per tubule (Figure 2c ).
NAC alleviates Cd-induced ER stress in the testes
The effects of NAC on Cd-induced testicular ER stress were then analysed. As shown in Figure 3a , the level of GRP78 protein, an ER chaperone and activating transcription factor-6 target, was increased in the testes of mice treated with CdCl 2 . Correspondingly, the level of Grp78 mRNA was upregulated in the testes of mice treated with CdCl 2 (Figure 3b) . Interestingly, NAC attenuated Cd-induced upregulation of GRP78 in the testes (Figure 3a and 3b) . Next, the effects of NAC on XBP-1, a downstream target of the IRE1a pathway, were analysed in the testes of mice treated with CdCl 2 . As expected, the level of spliced XBP-1 (sXBP-1) was markedly increased in the testes of mice treated with CdCl 2 , indicating that IRE1a signalling was activated in the testes of mice treated with CdCl 2 . NAC pre-treatment clearly alleviated Cdinduced elevation of sXBP-1 in the testes (Figure 4a) . The effects of NAC on p-JNK, another downstream target of the IRE1 pathway, were then analysed in the testes of mice treated with CdCl 2 . As shown in Figure 4b , the level of p-JNK was dramatically increased in the testes of mice treated with CdCl 2 . NAC pre-treatment almost completely inhibited Cd-induced testicular JNK phosphorylation (Figure 4b) . Finally, the effects of NAC on eIF2a, a downstream target of the PERK pathway, were analysed in the testes of mice treated with CdCl 2 . As shown in Figure 4c , the level of phosphorylated eIF2a was increased in the testes of mice treated with CdCl 2 . NAC pretreatment attenuated Cd-induced testicular eIF2a phosphorylation (Figure 4c) . The effects of NAC on CHOP, another downstream target of the PERK pathway, were then analysed in the testes of mice treated with CdCl 2 . As expected, acute Cd exposure increased the level of CHOP in the testes. NAC pre-treatment almost completely inhibited Cd-induced upregulation of CHOP in the testes (Figure 4d ). 
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Effects of acute Cd exposure on the level of caspase-12 in the testes To investigate whether acute Cd exposure activates testicular caspase-12, the levels of procaspase-12 and cleaved caspase-12 were analysed in the testes of mice treated with CdCl 2 . Unexpectedly, no cleaved caspase-12 was detected in the testes of mice treated with CdCl 2 (data not shown). Moreover, no significant difference in the level of testicular procaspase-12 was observed between Cd-treated mice and controls ( Figure 5 ).
Effects of NAC on Cd-induced stress sensitive redox molecules in the testes
The effects of NAC on the level of HO-1, a marker of heat stress, were analysed in the testes of mice treated with CdCl 2 . As shown in Figure 6a , the level of testicular HO-1 was increased in mice treated with CdCl 2 . Interestingly, NAC pre-treatment alleviated Cd-induced upregulation of HO-1 in the testes (Figure 6b ). 3-NT is a specific marker of protein nitration. The effects of NAC on Cd-induced testicular protein nitration are presented in Figure 6a and 6c. As expected, 3-NT intensity was enhanced in the testes of mice treated with CdCl 2 . NAC pre-treatment attenuated Cd-induced protein nitration in the testes. The effects of NAC on the levels of GSH were then analysed in the testes of mice treated with CdCl 2 . The level of GSH was dramatically decreased in the testes of mice treated with CdCl 2 . NAC pre-treatment completely prevented Cd-induced loss of GSH in the testes (Figure 6d) . 
DISCUSSION
In the present study, we showed that exposure to a single dose of Cd elevated the level of GRP78, an important ER molecular chaperone, in the testes. Moreover, the level of phosphorylated eIF2a, a downstream target of the PERK pathway, was increased in the testes of Cd-treated mice, indicating that acute Cd exposure activates the PERK pathway in the testes. In addition, the level of spliced mRNA encoding XBP-1, a downstream target of the IRE1a pathway, was upregulated, suggesting that the IRE-1a pathway was activated in the testes of mice treated with CdCl 2 . These results suggest that a single exposure to Cd induces ER stress and UPR signalling in the testes.
Numerous studies have demonstrated that the ER is especially sensitive to alterations in redox homeostasis. 16 When excess ROS are produced, the proteins formed in the ER may fail to fold properly. 23, 24 The accumulation of unfolded and misfolded proteins in the ER lumen activates UPR signalling. Several studies have shown that antioxidants alleviate ER stress and UPR signalling. 25 Indeed, Cd induces oxidative stress in the testes. NAC is a potent antioxidant, and several studies have shown that pre-treatment with NAC scavenged the Cd-induced excess ROS and prevented apoptosis in somatic cells. 17, [26] [27] [28] In the present study, we investigated the effects of NAC on Cd-induced ER stress in the testes. We showed that pre-treatment with NAC reduced the level of GRP78 in the testes of mice treated with Cd. Moreover, NAC alleviated the Cd-induced upregulation of sXBP-1 mRNA in the testes. In addition, NAC attenuated the Cd-induced eIF2a phosphorylation in the testes. These results suggest that NAC inhibits Cdinduced ER stress and UPR signalling in the testes.
Several studies have demonstrated that UPR signalling is involved in b-cell apoptosis in the pancreas, 29, 30 neuronal cell apoptosis in the brain, 31, 32 preadipocyte apoptosis in adipose tissue, 33 renal epithelial cell apoptosis in the kidneys 34 and myocardial cell apoptosis in the heart. 35 Indeed, a recent report from our laboratory showed that Cd induced ER stress and activated UPR signalling in germ cells in the seminiferous tubules. 15 Furthermore, phenylbutyric acid, an ER chemical chaperone, protects mice against testis germ cell apoptosis. 15 In the present study, we found that NAC not only alleviated Cd-induced UPR signalling activation, but also protected against germ cell apoptosis in the testes. Therefore, it is reasonable to assume that NAC protects against Cdinduced germ cell apoptosis by inhibiting ER stress in the testes.
Caspase-12 is essential for ER stress-induced apoptosis in rodent animals. Several studies have demonstrated that caspase-12 is activated in ER stress-mediated apoptosis. 36, 37 Interestingly, the present study showed that caspase-12 was not activated in the testes of mice treated with CdCl 2 , suggesting that Cd-induced germ cell apoptosis is independent of caspase-12 activation. Several studies have demonstrated that IRE1a activates JNK and its downstream proapoptotic kinase apoptosis signal-regulating kinase. 38, 39 The present study showed that the level of phosphorylated JNK, a downstream target of the IRE1 pathway, was markedly increased in the testes of mice treated with CdCl 2 . Importantly, NAC almost completely inhibited Cd-induced JNK phosphorylation in the testes. These results suggest that JNK and its downstream proapoptotic kinase might be putative mediators of Cd-induced germ cell apoptosis in the testes.
CHOP, also known as growth arrest and DNA damage-inducible gene 153, 40 is one of the components in the ER stress-mediated apoptotic pathway and a downstream target of the PERK pathway. 14, [41] [42] [43] [44] The present study showed that the expression of CHOP was clearly upregulated in the testes of mice treated with CdCl 2 . Moreover, NAC attenuated the Cd-induced upregulation of CHOP in the testes. Thus, CHOP contributes, at least partially, to Cd-induced germ cell apoptosis in the testes. How CHOP mediates Cd-induced testicular germ cell apoptosis remains unknown. One study demonstrated that overexpression of CHOP promoted translocation of Bax from the cytosol to the mitochondria. A recent study found that ER stress activated the BH3-only protein Bim and triggered apoptosis through CHOPmediated direct transcriptional induction. 45 Thus, additional research is necessary to determine whether Cd induces the translocation of Bax from the cytosol to the mitochondria and upregulates the expression of Bim in the testes.
HO-1, a stress-inducible enzyme, is expressed at a low level in the testes, mainly in Sertoli and Leydig cells. 46 Testicular HO-1 expression NAC protects against Cd-induced germ cell apoptosis YL Ji et al 294 is upregulated in response to stress. 47 An earlier study demonstrated that Leydig cell-derived HO-1 regulates the apoptosis of premeiotic germ cells in response to stress. 8 Indeed, the present study showed that a single dose of Cd upregulated the expression of HO-1 in the testes. Moreover, NAC inhibited the Cd-induced upregulation of testicular HO-1. Thus, the present study does not exclude the role of HO-1 in Cd-mediated germ cell apoptosis in the testes.
The antioxidant activity of NAC primarily involves two mechanisms: (i) NAC acts as a free radical scavenger, directly scavenging hydrogen peroxide, hydroxyl free radicals and hypochloric acid; 48 and (ii) NAC acts as a precursor of GSH to facilitate intracellular GSH synthesis. 49 NAC decreases free radical levels by increasing GSH synthesis. 50 Indeed, the present study showed that NAC alleviated Cd-induced testicular GSH depletion. In addition, pre-treatment with NAC significantly attenuated Cd-induced upregulation of HO-1 and protein nitration in the testes. Thus, the protective effects of NAC against Cd-induced ER stress and germ cell apoptosis are not only attributable to its strong ROS-scavenging effect but also likely to the increased GSH synthesis in the testes. The protective effects of NAC against Cd-induced germ cell apoptosis may have therapeutic implications. According to a recent report from our laboratory, the antioxidant ascorbic acid protects mice from Cd-induced ER stress and germ cell apoptosis. 51 Thus, antioxidants may be useful as pharmacological agents to protect against Cd-induced reproductive toxicity in the testes.
In summary, the present study demonstrates that NAC protects against Cd-induced germ cell apoptosis by inhibiting the activation of UPR signalling in the testes (Figure 7) . First, NAC attenuates the Cdinduced UPR signalling by inhibiting activation of PERK signalling and the IRE1a pathway in the testes. Second, NAC protects against the Cdinduced germ cell apoptosis by inhibiting the Cd-induced upregulation of CHOP, a downstream target of PERK signalling, and phosphorylation of JNK, a downstream target of the IRE1a pathway.
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